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The electronic structure of BaTi2As2O, a parent compound of the newly discovered titanium-based oxypnic-
tide superconductors, is studied by angle-resolved photoemission spectroscopy. The electronic structure shows
multi-orbital nature and possible three-dimensional character. An anomalous temperature-dependent spectral
weight redistribution and broad lineshape indicate the incoherent nature of the spectral function. At the density-
wave-like transition temperature around 200 K, a partial gap opens at the Fermi patches. These findings suggest
that BaTi2As2O is likely a charge density wave material in the strong interaction regime.
PACS numbers: 71.45.Lr, 75.30.Fv, 74.70.-b, 79.60.Bm
INTRODUCTION
Planar square lattice made of 3d transition elements and an-
ions has been proven to be a rich playground for high temper-
ature superconductivity, as exemplified in the CuO2 plane of
the cuprate high temperature superconductors, and the FeAs
or FeSe plane of the iron-based superconductors. Recently,
superconductivity has been discovered in Ba1−xNaxTi2Sb2O
(0.0≤x≤0.33) [1, 2], a titanium-based oxypnictide with an
anti-CuO2 type Ti2O plane and Sb above and below the cen-
ter of each Ti2O square. From the structural point of view,
such a lattice is an intriguing combination of both CuO2 and
FeAs type of lattices, thus it may be another family of un-
conventional superconductors based on titanium, although the
maximal Tc is currently only 5.5 K upon Na doping [2].
The signature of possible charge density wave or spin den-
sity wave has been observed in Ba1−xNaxTi2Sb2O and other
compounds with (Ti2Pn2O)2− (Pn=As, Sb) layers [3–7], re-
sembling that in the iron-based high temperature supercon-
ductors. The instability of the ordered state, such as spin fluc-
tuation, often plays an important role in the unconventional
superconductivity [8]. Therefore, it is critical to reveal the
nature of the density wave transition. Theoretical calcula-
tions suggest that the nested Fermi surface sections drive the
density wave instability [9–11]. However, the experimental
electronic structure of such materials has not been reported.
Moreover, density wave order has not been identified in pow-
der neutron diffraction experiments on Na2Ti2Pn2O (Pn=As,
Sb) [12, 13]. Only recently have the muon spin rotation and
nuclear magnetic resonance studies excluded magnetic order
in Ba1−xNaxTi2Sb2O and favor a charge density wave picture
[14, 15].
BaTi2As2O is an isostructural compound of the supercon-
ducting BaTi2Sb2O, with isovalent substitution of Sb by As
[Fig. 1(a)] [3]. Thus it could be viewed as a parent com-
FIG. 1: (color online). (a) The crystal structure of BaTi2As2O. (b)
In-plane and out-of-plane resistivity as a function of temperature for
BaTi2As2O. (c) The low-energy electron diffraction patterns of two
BaTi2As2O samples. The arrows mark the reconstruction spots.
pound of the titanium-based superconductors. A density wave
transition takes place around 200 K, as shown by the resistiv-
ity data [Fig. 1(b)]. In this Article, we investigate the elec-
tronic structure of BaTi2As2O with angle resolved photoe-
mission spectroscopy (ARPES). The photoemission spectra
show broad lineshape without sharp quasipartical peak near
the Fermi energy (EF ). The spectral weight at EF forms Fermi
pockets with parallel sections and Fermi patches (finite spec-
tral weight away from Fermi surfaces). Our polarization and
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FIG. 2: (color online). Electronic structure of BaTi2As2O measured
at 11 K. (a) Photoemission intensity map at the Fermi energy (EF )
integrated over an energy window of ±10 meV. ¯Γ, ¯M, and ¯X stand
for high symmetric points of the projected two-dimensional Bril-
lioun zone (BZ). (b) The Fermi surface sheets obtained by track-
ing the Fermi crossings in panel (a). The dashed lines indicate the
hole pockets, and the solid blue lines indicate the electron pockets.
(c) Momentum distribution curves (MDC’s) taken with p polarized
light along ¯Γ- ¯M near zone center. (d)-(g) Energy distribution curves
(EDC’s) taken with circular polarized light at 11 K along cuts #1, #2,
#3, and #4 in panel (a), respectively. Some parts of the spectra are
magnified for a better view.
photon energy dependent studies reveal the multi-orbital and
three-dimensional nature of this material. Intriguingly, the
spectral weight redistributes over a large energy scale as a
function of temperature, indicating the incoherent nature of
the spectral function. Furthermore, a partial gap opens at the
Fermi patches around the density wave transition temperature,
which is similar to charge density wave materials in the strong
interaction regime [16, 17].
EXPERIMENTAL
Single crystals of BaTi2As2O were grown by flux method
[3, 18]. The ARPES data were taken at the Beamline 1
and Beamline 9 of Hiroshima synchrotron radiation center
(HiSOR). Temperature dependent study was conducted at
Beamline 5-4 of Stanford Synchrotron Radiation Lightsource
(SSRL). The 7 eV laser data were taken with an in-house setup
at Fudan University. All data were collected with Scienta
R4000 electron analyzers. The energy resolution is 20 meV
at HiSOR Beamline 1, 10 meV at HiSOR Beamline 9, 5 meV
at SSRL, and 4 meV for the laser setup. The samples were
cleaved in-situ, and measured under ultrahigh vacuum bet-
ter than 3 × 10−11 mbar. The low energy electron diffrac-
tion (LEED) patterns in Fig. 1(c) indicate the square lattice of
cleaved surface [the ab plane in Fig. 1(a)]. Additional surface
reconstruction spots, as indicated by the arrows, appear de-
pending on cleavages and probably come from the reconstruc-
tion of the half-layer Ba atoms at the surface similar to those
in BaFe2−xCoxAs2 [19]. Aging effects were strictly monitored
during the experiments.
BAND STRUCTURE
Figure 2(a) shows the photoemission intensity map of
BaTi2As2O at EF . As sketched in Fig. 2(b), the Fermi surfaces
in the projected two-dimensional Brillioun zone (BZ) consists
of one square shaped hole pocket (γ) around the ¯Γ point, four
diamond shaped hole pockets (α) centered at four ¯X points,
and four square shaped electron pockets (δ) centered at four
¯M points. The square shaped pockets at ¯Γ and ¯M show multi-
ple parallel sections, providing possible Fermi surface nesting
condition for density wave instabilities, as suggested in pre-
vious theoretical calculations [8–11]. At the first glance, the
Fermi surfaces may come from the warping and hybridization
of two sets of quasi-1D sections along (1, 1) and (−1, 1) di-
rections [9]. In this case, the Fermi pocket at the zone center
should be electron-like; however in contrast to this, the square
shaped pocket formed by γ is a hole pocket. As shown by the
momentum distribution curves in Fig. 2(c), an electron-like
band β fades out below EF , while a hole-like band γ appears
and crosses EF near the zone center.
Figure 2(d) shows the energy distribution curves (EDC’s)
along ¯Γ- ¯X, crossing the hole pockets centered at ¯Γ and ¯X [cut
#1 in Fig. 2(a)]. Band α contributes prominent spectral weight
and forms the hole pocket around ¯X. Along cut #2, band α dis-
perses towards EF and coincides with the bottom of band δ,
which forms the electron pocket at zone corner [Fig. 2(e)].
Bands α and δ keep broad lineshape while approaching EF ,
and cross EF without a sharp quasi-particle peak. Along both
cut #1 and #2, band β is observed below EF near zone cen-
ter [Figs. 2(d)-2(e)], while the band γ, which forms the hole
pocket at ¯Γ, could hardly be tracked in EDC’s [Figs. 2(d)-
2(e)] due to its weak intensity and nearly vertical dispersion
[Fig. 2(c)]. Figure 2(f) shows the dispersion of band α along
cut #3 between two neighboring hole pockets. In Fig. 2(g),
bands α and δ along cut #4 show similar dispersive struc-
tures with those near zone corner along cut #2. Moreover,
in Figs. 2(d)-2(g), there is spectral weight with broad line-
shape (shaded area) between -0.2 eV and EF , labeled as ω,
contributing finite spectral weight over almost the entire BZ,
which resembles the Fermi patches observed in 2H-NaxTaS2
before [16], which is a charge density wave material with
strong electron-phonon interactions.
The band dispersion along kz is investigated by photon en-
ergy dependent study. In Figs. 3(a)-3(b), the photoemission
spectra taken with 7 eV laser and 54 eV photon energy show
distinct band structures. This implies strong dispersion along
3kz, consistent with the previous calculations on its sibling ma-
terials [8, 10, 11]. We have performed a detailed study with
photon energies ranging from 19 to 72 eV, covering more than
two BZ’s along kz [Fig. 3(c)]. The dispersions of bands γ, δ
[Fig. 3(d)], and α [Fig. 3(e)] match the period of BZ along
kz if assuming the inner potential to be 12 eV. Moreover, the
broad feature ω shows a variation of intensity that matches the
period of BZ [Figs. 3(e)-3(f)]. On the other hand, as shown
in Figs. 3(d)-3(f), the dispersion is rather weak above 19 eV.
Such a weak dispersion along kz contradicts the distinct spec-
tra taken with 7 eV laser, suggesting a loss of dispersive in-
formation along kz probably due to the poor kz resolution for
photon energy range [19 eV, 72 eV]. In the universal curve of
escaping depth vs. kinetic energy, the mean escaping depth ξ
of the photoelectron excited by photons at this energy range
is around 7 Å[20], yielding a ∆kz ≈ 2pi/ξ as large as the BZ
size. This would largely smear out the dispersive information
along kz and result in a weak dispersion and/or Fermi patches
with periodic variation of intensity, as indeed observed in our
data. The escaping depth increases rapidly with photon ener-
gies from 19 eV to 7 eV by more than three times [20], pro-
viding a much better kz resolution, which could explain the
distinct spectra taken with 7 eV laser. Intriguingly, the spec-
tra taken with 7 eV photon energy still show intrinsic broad
features.
MULTI-ORBITAL NATURE OF BANDS NEAR EF
For compounds with (Ti2Pn2O)2− (Pn=As, Sb) layers, the
density of states near EF is dominated by Ti 3d electrons ac-
cording to theoretical calculations [8, 10, 11], and there is
only one 3d electron for each Ti3+ ion. However, our data
show multiple bands crossing EF in BaTi2As2O, suggesting
multi-orbital composition of these bands. To reveal the orbital
composition near EF , polarization-dependent ARPES study
was conducted in both p and s geometries. Figure 4(a) shows
the geometries of the photoemission experiment setup, where
the path of the incident photon beam and the sample surface
normal define the mirror plane. The matrix element of pho-
toemission could be described by
|Mkf ,i|
2 = |〈φkf |ε · r|φ
k
i 〉|
2
where the φkf and φ
k
i are final- and initial-states, respectively
[21]. Given that the final state is a plane wave and its sym-
metry is always even against the mirror plane, the photoemis-
sion intensity would be suppressed if the initial state and the
(εˆ ·r) have opposite symmetries. With the kx and ky directions
in Fig. 4(b) defined as the Ti-As-Ti direction, the five d or-
bitals are classified into even and odd symmetries in Fig. 4(c)
with respect to the Γ-X-R-Z plane. The symmetries with re-
spect to the Γ-M-A-Z plane are indicated in red [Fig. 4(c)]. In
the current experimental setup, the even (odd) orbitals should
be visible in p (s) geometry [Fig. 4(c)]. In addition, for the
out-of-plane component of the p polarized light, the signal of
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FIG. 3: (color online). (a) Spectral intensity along ¯Γ- ¯M near zone
center. (b) is the same as panel (a), but taken with 7 eV laser. (c)
Sketch of BZ’s in Γ-M-A-Z plane. The corresponding position for
different photon energies are indicated, with the inner potential as-
sumed to be 12 eV. The inset illustrates the three-dimensional BZ of
BaTi2As2O. (d) MDC’s at EF along ¯Γ- ¯M as a function of photon en-
ergy. (e) EDC’s taken along (0.38Å−1, 0.38Å−1, kz) (the red solid line
in the three-dimensional BZ) with various photon energies as shown
in panel (c). (f) is the same as panel (e), but along (0, 0, kz).
orbitals extending out-of-plane would be enhanced in this ge-
ometry.
As illustrated in Fig. 4(b), polarization-dependent ARPES
study around ¯Γ was conducted along both ¯Γ- ¯X (#1) and ¯Γ- ¯M
(#2) with 48 eV photons. In Fig. 4(d), some features folded
from band α and β show up around ¯X (noted as α′ and β′),
consistent with the surface reconstruction in the upper panel
of Fig. 1(c). In Figs. 4(d)-4(e), the band α is visible in both
geometries along ¯Γ- ¯X, indicating its mixed orbital composi-
tion with both odd and even symmetries. The spectral weight
of feature ω is enhanced near ¯X in p geometry, indicating or-
bital with even symmetry or out-of-plane component. At other
momenta, ω is visible in both geometries, suggesting mixed
orbital composition.
Along ¯Γ- ¯M, the band α is visible in p geometry [Fig. 4(f)]
and suppressed in s geometry [Fig. 4(g)], suggesting its even
composition along this direction. In Figs. 4(f)-4(g), band γ
and ω are visible in both geometries, indicating their mixed
orbital composition. Band β and other features at higher bind-
ing energies show even symmetry in both ¯Γ- ¯X and ¯Γ- ¯M direc-
tion [Figs. 4(d)-4(g)].
As shown by the Fermi surface mapping in s geometry
[Fig. 5(a)], the top and bottom edges of δ pocket is suppressed
4M
X Γ #1
#2
k
y
k
x
hυ ε
P
ε
S
^
^(a)
(b)
(c)
Low High
x
ydxz
x
ydx2-y2
x
ydz2
Even (p)
Odd(s)
x
ydyz
x
ydxy
Odd (s)
Even(p) Even(p)
#1
#1
p
s
-0.8
-0.4
0
β
β'
α'
ω ω
α
-0.8
-0.4
0
E
-E
F
(e
V
)
0.4 XΓ-0.4
α
ω
ω
β
ω γ
α
0.4Γ-0.4
ω γ α
k
// 
(Å-1)
#2
#2
p
s
(d)
(e)
(f)
(g)
FIG. 4: (color online). (a) Experimental setup for polarization-
dependent ARPES. (b) The sketch of BZ and cuts. (c) The 3d orbitals
are classified into even and odd symmetries with respect to the Γ-X-
R-Z plane. The spacial symmetries with respect to Γ-M-A-Z plane
are illustrated in red color. The geometries indicated in the paren-
theses provide finite photoemission intensity. (d)-(e) Photoemission
intensity along cut #1 taken with 48 eV photon energy in s-polarized
geometry, and in p-polarized geometry, respectively. (f)-(g) are the
same as panels (d)-(e), but taken along cut #2.
, while its left and right edges are fairly intensive. Below EF
in s geometry, the band δ is visible along cut #3 but not visible
along cut #4 [Figs. 5(b)-5(c)]. In p geometry, the band δ is not
visible along cut #3 but visible along cut #4 [Figs. 5(e)-5(f)].
This suggests that the orbital composition of band δ is odd
along cut #3 and even along cut #4, i.e., a switch of orbital
symmetries under four fold rotation about ¯M.
Around ¯M, band α shows flat dispersion and is visible in
both geometries and along both cuts #3 and #4 [Figs. 5(b)-
5(c) and 5(e)-5(f)], indicating mixed orbital composition. A
change of orbital composition between the dispersive part and
the flat part could be observed from the intensity change of
band α in Figs. 5(c) and 5(e).
To determine the orbital composition, orbital resolved band
structure calculation is required. However, there is no band
structure calculation of BaTi2As2O yet. Nevertheless, our
results show that the features near EF come from the hy-
bridization of multiple Ti 3d orbitals. The calculation on
BaTi2Sb2O [8] show muti-orbital compostion of the bands
near EF , which supports our findings. The multi-orbital char-
acter in BaTi2As2O resembles that in the iron-based supercon-
ductors [22–24].
TEMPERATURE DEPENDENT STUDY
Now we turn to the temperature-dependent study on the
density wave transition in BaTi2As2O. In the conventional
picture of density wave transition, a gap opens along par-
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FIG. 5: (color online). (a) The photoemission intensity map around
¯M taken with 22 eV photon energy in s-polarized geometry. (b) and
(c) show the photoemission intensity along cut #3 and #4 in panel
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p-polarized geometry. The spectra along cut #4 are generated by
combining individual EDC’s at corresponding momenta.
allel Fermi surface sheets when the system enters the den-
sity wave state [8, 10, 11]. Considering the Fermi patches
spreading over the BZ and the lack of sharp Fermi crossings,
we investigated the temperature dependence over a quarter of
the BZ. Figure 6(a) shows the false color map of the spec-
tral weight suppression ratio at EF from 220 K to 11 K, i.e.,
(IEF (11K) − IEF (220K))/IEF (220K). The spectral weight is
suppressed at the Fermi patches away from Fermi crossings,
where the broad feature ω dominates. The parallel Fermi sur-
face sheets formed by bands γ and δ, where density wave in-
stability was suggested, do not show prominent suppression.
Most part of the α pocket shows weak suppression, while
one branch at the lower side of BZ shows great enhancement,
as exemplified by comparing the temperature dependence of
EDC’s at momenta B and B’ [Fig. 6(b)]. The partial suppres-
sion of spectral weight at EF is consistent with the metallic be-
havior below transition [Fig. 1(b)], and agrees with previous
optical study on its sibling material Na2Ti2As2O [25]. How-
ever, such an asymmetric suppression/enhancement for the α
pocket cannot be explained by matrix element effect, possibly
due to other momentum dependent effects.
Figures 6(c)-6(e) show the EDC’s at various momenta as
marked in Fig. 6(a). The EDC’s are divide by the resolu-
tion convolved Fermi-Dirac function at corresponding tem-
perature and multiplied by that of 11 K to remove thermal
broadening effect near EF . The suppression of spectral weight
takes place near EF , as indicated by the down arrows on the
EDC’s for momenta ¯Γ, C, ¯X [Fig. 6(c)], D, and ¯M [Fig. 6(d)].
On the other hand, the spectral weight of bands α, β, and δ
below EF enhances with decreasing temperature [up arrows
in Figs. 6(c)-6(e)]. Thus the evolution of spectral weight
distribution with temperature could be viewed as a spectral
weight redistribution from Fermi patches at EF to the dis-
persive bands at higher binding energies, which saves energy.
The energy scale of the spectral weight redistribution ranges
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Dirac function. (b)-(e) Temperature dependence of EDC’s at vari-
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fixed momentum cuts. Photoemission data were taken with 22 eV
photons.
from 0.1 eV for bands α/δ at zone corner, to 0.6 eV for band β
at zone center, which is far beyond the energy range of thermal
effect and is not expected in a non-interacting electron system.
The spectral weight enhancement for bands α, β, and δ do not
slow down below 100 K [up arrows in Figs. 6(c)-6(e)], in-
dicating that it is not relevant to the density wave transition
around 200 K. Similar large scale spectral weight redistribu-
tion was observed in Sr2CuO2Cl2, which is explained by mul-
tiple initial-/final-states induced by strong coupling between
electrons and bosons [26]. The large scale spectral weight re-
distribution in BaTi2As2O could originate from similar strong
coupling effect, which is probably momentum dependent and
induces an asymmetric suppression/enhancement as observed
in Fig. 6(a). On the other hand, the spectral weight suppres-
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sion at EF mostly takes place between 220 K and 100 K [down
arrows in Figs. 6(c)-6(e)], suggesting density wave transition
related component.
In order to investigate the density wave transition related
component, we conduct detailed temperature-dependent study
around 200 K along the cut through momenta 1©∼ 5© as marked
in Fig. 6(a). This cut is selected to cover momenta 1© and 2©
(the Fermi patch inside the Fermi surface γ), momentum 5©
(the Fermi patch inside the Fermi surface α ), and momen-
tum 4© (the Fermi patch between the Fermi surfaces), while
the bands α and β are resolved [Fig. 7(a)]. Figure 7(b) shows
the spectral weight difference between 236 K and 168 K. The
major suppression of spectral weight takes place around EF ,
while the enhancement is mainly at higher binding energies
on bands α and β, demonstrating the spectral weight redis-
tribution. Detailed temperature evolution of relative spectral
weight at momenta 1©∼ 5© are plotted in Figs. 7(c)-7(d), for
energy window [EF-25 meV, EF+5 meV] (REF+5EF−25), and [EF-
6200 meV, EF-50 meV] (REF−50EF−200), respectively. At most mo-
menta and binding energies, the spectral weight show smooth
suppression/enhancement though 200 K, demonstrating the
spectral weight redistribution independent of the density wave
transition. On the other hand, slope changes are observed
around 200 K for momentum 4© and 5© [Fig. 7(c)], indicating
gap opening of density wave transition at these momentum.
At momentum 2©, after dividing the temperature-dependent
curve of REF+5EF−25 by that of R
EF−50
EF−200, both of which show smooth
evolution, a slope change around 200 K is readily observ-
able [REF+5EF−25/R
EF−50
EF−200 in Fig. 7(e)], demonstrating a partial gap
opening buried under the large spectral weight redistribution.
Note that the density wave transition related slope changes
take place at Fermi patches (e.g., momenta 2©, 4©, and 5©)
without well-defined Fermi surfaces, suggesting that the par-
tial gap opening takes place at Fermi patches, rather than at
the nested Fermi surface sections based on the conventional
density wave picture [8, 10, 11].
DISCUSSIONS AND CONCLUSION
The dispersive features in photoemission spectra of
BaTi2As2O show broad lineshape and cross EF without sharp
quasiparticle peaks. On the other hand, the overall bandwidth
show little renormalization compared with the calculated band
structure of sibling materials [8, 11]. These characters resem-
ble those in polaronic systems like La1.2Sr1.8Mn2O7, where
incoherent broad features dominate the photoemission spec-
tra with vanishingly small quasiparticle weight, while fol-
lowing the bare band dispersion [27, 28]. The polaronic
picture is further supported by the large scale temperature-
dependent spectral weight redistribution, which resembles
that in Sr2CuO2Cl2 induced by strong electron correlations
with phonons or magnetic excitations [26].
Due to the interference of large scale temperature-
dependent spectral weight redistribution, it is hard to extract
the exact momentum distribution of density wave gap open-
ing. However, the signature of partial gap opening on Fermi
patches rather than Fermi surfaces provides some clue for fur-
ther investigation. Since the Fermi patches partly come from
the convolving of highly kz-dispersive bands, an out-of-plane
nesting vector could be expected to form the density wave in-
stability, like that in VSe2 [29]. On the other hand, charge den-
sity wave instability formed by Fermi patches or barely occu-
pied states were reported in 2H-NaxTaS2 and NbSe2 [16, 17],
which show polaronic signatures. Therefore, BaTi2As2O is
likely a similar charge density wave material in the strong in-
teraction regime. Moreover, considering the conventional s-
wave superconductivity in 2H-NaxTaS2 and NbSe2 and recent
reports [14, 15, 30], the superconductivity in titanium oxyp-
nictides could also be conventional.
In summary, we have carried out a systematic ARPES study
on BaTi2As2O and revealed its band structure with multi-
orbital nature and possible three-dimensional character. The
spectral weight at EF forms both Fermi surfaces and Fermi
patches. Broad lineshape and anomalous temperature depen-
dence of spectral weight redistribution suggest the incoherent
nature of the spectral functions due to strong interactions. Par-
tial gap opening at the transition temperature are observed on
Fermi patches rather than the parallel sections of Fermi sur-
faces, which resembles charge density wave materials in the
strong interaction regime.
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